α decay is usually associated with both ground and low-lying isomeric states of heavy and superheavy nuclei, and the unpaired nucleon plays a key role on α decay. In this work, we systematically studied the α decay half-lives of odd-A nuclei, including both favored and unfavored α decay within the two-potential approach based on the isospin dependent nuclear potential. The α preformation probabilities are estimated by using an analytic formula taking into account the shell structure and proton-neutron correlation, and the parameters are obtained through the α decay half-lives data. The results indicate that in general the α preformation probabilities of even-Z, odd-N nuclei are slightly smaller than the odd-Z, even-N ones. We found that the odd-even staggering effect may play a more important role on spontaneous fission than α decay. The calculated half-lives can well reproduce the experimental data.
I. INTRODUCTION
The odd-even staggering effect in nuclear physics is ubiquitous, for example binding energy, abundance of isotopes, excited energy spectrum, moment of inertia, α preformation probability and so on [1] [2] [3] . It is primarily caused by pairing correlations that is similar to the electronic superconductivity and the unpaired nucleon blocking effect, while comparable contribution comes from the deformed mean field [4] . Generally, it is believed that nuclei with the even number of protons and neutrons are more stable than the neighboring odd-A and doubly-odd nuclei. However, for some heavy and superheavy nuclei dominated by α decay and fission, this understanding is biased and the effect of unpaired nucleon on the nuclear stability cannot be neglected [5] . An explicit example is 255 Rf with a half-life of 2.3 second, while the neighboring even-even nuclei are more instable, e.g., spontaneous fission for 254, 256 Rf isotopes take place within 23 microsecond and 6.4 millisecond at average, respectively. Within the Gamow picture, the process of α decay can be qualitatively described as an α cluster preforms in the surface of the decaying nucleus followed by a quantum tunneling of the potential barrier [6, 7] . Among the above two processes, α particle preformation contains more nuclear structure information [8] [9] [10] [11] . And the penertration depends on the α decay energy and interaction between the α particle and daughter nucleus without obvious oddeven staggers, while the α preformation probability shows odd-even staggering effect [12] .
α decay is a common and important decay mode for heavy and superheavy nuclei, which provides many unique nuclear structure information especially for low * Corresponding author: lixiaohuaphysics@126.com lying isomeric and ground states of heavy and superheavy nuclei [13] [14] [15] [16] [17] [18] . And the α decay and α clustering are very old subjects but still attracting much attention in both theortical and experimental research [19, 20] . The nuclear cluster structure appears in the regions of either light or heavy nuclei [2, [21] [22] [23] . Theoretically, microscopic mechanism on how α cluster forms in the surface of heavy nucleus is still an open question, meanwhile some conclusions on the α preformation probability have been obtained to some extent [8, 9, 24] . Notably, there is a striking similarity between the tendency of the neutron pairing gaps and the α preformation probability [8] . The calculations with an effective isospin-dependent contact interaction show that the di-neutron cluster structure in middle and heavy nuclei is related to the strength of pairing correlations in dilute nuclear matter [25] . Also, a quartet correlations may be of importance for very low density [20, 26] . Phenomenologically, by analyzing the data of α decay, it is founded that the α preformation probability takes local minimum for nuclei with nucleons number near to the magic numbers [9, 10] . Moreover, other factors, e.g., the valence proton-neutron correlation, the α particle angular momentum effect and the deformation of nuclei, also play a role on the α preformation probability [24, 27, 28] . However, because the precise size of decaying nucleus is unknown, by adjusting the radius parameters and keeping the α preformation probability constant, good reproduces of experimental α decay width can also be obtained [29] . This problem is actually related to the properties of dilute nuclear matter and the definition of nuclear radius. For nuclei with the finite number of protons and neutrons, the active valence nucleon, especially the odd nucleon, plays an important role on the bulk and collective properties, such as the α preformation probability. In order to investigate the odd-even staggering effect in α decay, we systematically calculate the α decay half-lives for odd-A nuclei.
Recently we have preformed systematic calculation on α decay half-lives and α preformation probability for even-even nuclei based on the isospin dependent nuclear potential [30] . In this paper, our previous work [30] is extended to calculate the α decay half-lives of odd-A nuclei. The odd-even staggering effect of α decay half-lives is discussed in detail. The unpaired nucleon plays a key role on the α preformation probability, which resulting in the complexity of α decay especially for unfavored α decay. This paper is organized as follows. Sec. II briefly shows the theoretical framework of the two-potential approach and the analytic expression for the α preformation probability. In Sec. III we show the systematic results of α decay half-lives for odd-A nuclei and discuss the odd-even staggering effect. A summary is given in Sec. IV.
II. THEORETICAL FRAMEWORK
In the two-potential approach [31] , the total potential between the α particle and the daughter nucleus contains the nuclear and Coloumb potential besides the centrifugal potential for unfavored α decay. The nuclear potential V N (r) is determined within a two-body model, which is different from the quasi-molecular shape path proposed by the Generalized Liquid Drop Model [32] . In the two-body model, the α particle is assumed to preformed at the surface of decaying nucleus, and the strong attractive nuclear interaction can be roughly approximated by a square well potential [29] . A better description can be obtained by the double-folding integral of M3Y nucleon-nucleon force between the α particle and residual nucleus [12] . In this work we choose a type of cosh parametrized form for the nuclear potential, which is also successful in describing the rotatinally spaced energies, enhanced E2 transition strengths and so on [33, 34] . The nuclear potential V N (r) can be expressed as
where V 0 and a are the depth and diffuseness for the nuclear potential, respectively. In previous work, we have obtained a set of isospin dependent parameters, which is a = 0.5958 fm and V 0 = 192.42 + 31.059
, where N , Z and A are the neutron, proton and mass numbers of the daughter nucleus, respectively. Besides, R and r denote the nuclear sharp radius of the parent nucleus and the distance between the α particle and daughter nucleus, respectively. R is empirically given by [35]
The Coloumb potential V C (r) is obtained under the assumption of a uniformly charged sphere, which can be written as
where Z d and Z α are proton numbers of the daughter nucleus and α particle, respectively. In addition, unfavored α decay has l = 0, where l is the orbital angular momentum taken away by the α particle. In this α decay mode, the centrifugal potential V l (r) plays a role on the total potential, which is given by
where µ denotes the reduced mass of the two-body model between α particle and the daughter nucleus in center of mass system.
The α decay half-life T 1/2 can be calculated by the WKB approxination. It can be written as
where the α decay constant λ or decay width Γ depends on the α particle preformation probability P α , the penetration probability P and the normalized factor F . Within the two-potential approach framework [31], the decay width can be expressed as
The normalized factor F represents the collision probability or assault frequency. It satifies the expression
where r 1 , r 2 and the following r 3 denote the classical turning points, which satisfy the conditions V (r 1 ) = V (r 2 ) = V (r 3 ) = Q. The middle turning point r 2 is slightly larger than the nuclear sharp radius R of the
| is the wave number. V (r) and Q are α-core potential and α decay energy, respectively. The penetration probability P can be calculated using
At last, we focus on the most unclear concept, the α particle preformation in the decaying parent nucleus. Due to the absence of effictive method to calculate the α preformation probability, which may be obtained by
where T calc 1/2 is calculated by eq. (5) with P α = 1. According to the density-dependent cluster model [12] , P 0 is the average α preformation factor for a certain kind of α decay, such as P 0 = 0.7 for even-even nuclei, P 0 = 0.35 for odd-A nuclei, and P 0 = 0.18 for doubly-odd nuclei. And it takes as P 0 = 0.35 in this work. The variation of α preformation probability can be estimated by the analytic formula [9, 30, 32], which can be described by the following expression
where Z, N and A are the proton, neutron and mass numbers of parent nucleus. Z 1 and Z 2 (N 1 and N 2 ) are the proton (neutron) magic numbers around Z (N ). a, b, c, d and e are the adjustable parameters. The first and fourth terms describe the magnitude and the trend of the α preformation probability, the second and third terms show a parabolic dependence of log 10 P α taking into account the valence protons (neutrons) and holes, the last term relates to the correlation of valence neutronproton [32].
III. NUMERICAL RESULTS AND DISCUSSION
In this work, we systematically study and analyse the α decay half-lives, including 270 odd-A nuclei, i.e., even Z, odd N (even-odd) and odd Z, even N (odd-even) nuclei. The experimental data of α decay energy and half-lives are calculated based on the NUBASE2012 [36] . We have previously preformed the systematic study for even-even nuclei with isospin dependent nuclear potential and a description of the α preformation probability [30] . Compared to the even-even nuclei, the unpaired proton or neutron in odd-A nuclei results in complex single particle level structure and even unfavored α decay. For unfavored transition, the additional centrifugal potential will increases the height of total potential barrier and decreases the penetrate probability. Besides, it is awkward that the odd nucleon may hinder the cluster behaviour of nucleon pairs by the Pauli blocking effect [3] . Because of these difficulties, calculations on α decay halflives for odd-A nuclei deserve further study and improvement. There is no doubt that the systematic study will help to design experiments and test the validity of new measured data in future.
At first, we discuss the odd-even staggering effect of α decay half-lives. The measured half-lives of ground states of Cf, Fm, No and Rf isotopes are plotted in Fig. 1 . Using yellow diamonds, green squares, blue asterisks and peach stars denote the main decay modes, i.e., α decay, spontaneous fission (SF), electron capture (EC) and β-decay, respectively. From the picture we can clearly see that from Cf to Rf isotopes the average half-life drops off with the increasing of proton number. Moreover, the odd-A nuclei of Cf isotopes tend to transform through EC and β-decay because their α decay half-lives are longer than the corresponding β decay ones [37] . As shown in Fig. 1 Rf isotopes prefer α decay but not SF as the main decay mode, which are not similar to their neighboring nuclei, indicating that the odd nucleon blocking effect seems play a more important role on SF than on α decay.
The α decay energy is one of the most important inputs for calculation of the half-life without obvious odd-even staggering effect. α decay was first successfully explained by Gamow [6] and independently by Gurney and Condon [38] as the penetration through the Coulomb barrier, leading to the Q −1/2 α dependence of the Geiger-Nuttall law. Besides, the α preformation probability also depend linearly on Q are shown in Fig. 2 . It can be seen that α decay energy approximates several or over ten MeVs, and decreases with increasing neutron number on an isotope chain without obvious odd-even staggering effect. The shell closure will abruptly increases α decay energy, which takes local maximum value at the place of magic number plus two additional nucleons as shown by the dotted lines at N =128, 154 and 164. It should be special mentioned the strong dependence of α decay half-life on decay energy, and the decay energy is relative large resulting in the unstability of superheavy nuclei. In view of the general downward trend for α decay energy with increasing of neutron number, new synthesised more neutron-rich superheavy nuclei would survive longer. Now that the α decay energy has no obvious odd-even differences, the odd-even staggering effect of α decay halflives maybe comes from the α particle preformation probability mostly. According to the method of treating eveneven nuclei, we extract the α particle preformation probabilities from ratios of the calculated α decay half-lives within the two-potential approach to the experimental data by eq. (9). Then the trend of the extracted α preformation probabilities can be described by eq. (10). Using the esitimated probabilities, the calculated half-lives can well reproduce the experimental data [30] . For odd-A nuclei, the unpaired nucleon is easy to be scattered to the higher single particle level. It indicates that the α decay daughter nuclei have uncertain configuration, resulting in unfavored α decay is quite common. In the following text, we will systematically study the α decay half-lives for odd-A nuclei.
The whole α decay nuclei is divided into 4 regions according to the major shell closures [9, 30] . In the chart of nuclides for α decay, there are 4 regions, region I: 50< Z <82 and 82< N <126, region II: 82< Z <126 and 82< N <126, region III: 82< Z <126 and 126< N <152, region IV: 82< Z <126 and 152< N <184. Here Z=50, Table I . The blocking effects coming from the unpaired proton and neutron are different, which could not be ignored especially for the nuclei in region III. The comparison between in a unified way and separately treating the α preformation probability of even-odd and odd-even nuclei in region III is shown in Fig. 3 . We can see that in the case of separately treating, in Fig. 3(b) , the deviations between the calculated half-livse and experimental data are smaller than those in a unified way in Fig. 3(a) . And the estimated α preformation probability of even-odd and odd-even nuclei in region III are denoted by blue triangles and red circles in Fig. 4 , respectively. In general, the α preformation probabilities of even-odd nuclei are more smaller than the odd-even ones, which is consistent with the results within the Viola-Seaborg formula [40] .
From Table II to V, we show the experimental α decay half-lives data and numerical results within the twopotential approach of odd-A nuclei. For all the tables, the first column denotes the α transition from the parent to daughter nuclei, including ground and isomeric states. The next four columns express the spin-parity transition, α decay energy, the minimal angular momentum quantum number carried out by the emitted α particle and the experimental α decay half-lives, respectively. The sixth and seventh columns denote the calculated α decay halflives and α preformation probabilities, respectively. To clearly show the results, we plot the deviations between the calculated half-lives and experimental data in Fig.  5 . The green squares and magenta triangles denote the favored and unfavored α decay, respectively. For nuclei with neutron number below N =126 in regions I and II, the results can better reproduce the experimental halflives than those in regions III and IV where the unfavored α decay with nonzero angular momentum transfer is quite common. And in the case of unfavored α decay, the α preformation probability seems to be smaller and uncertain, which is worthy to further study in the future.
IV. SUMMARY
In summary, we systematically study the α decay halflives for odd-A nuclei within the two-potential approach. The α preformation probabilities are extracted from the measured α decay half-lives, and estimated with the analytic formula taking into account the shell effect and proton-neutron correlation. The odd-even staggering effect of half-lives is investigated. We found that electron capture and β-decay are insensitive to unpaired nucleon, and the odd nucleon blocking effect play a more important role on spontaneous fission than α decay. The fact that α decay energy without obvious odd-even effect results in the α preformation probability are directly related to the unpaired nucleon. The difference of blocking effect between odd proton and neutron can not be ignored, and the α preformation probabilities of even-Z, odd-N nuclei are smaller than the odd-Z, even-N ones. In general, the numerical results of α decay half-lives can well reproduce the experimental data for odd-A nuclei just as the case of even-even nuclei, and the unfavored α decay deserves further study. 
